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INTELLIGENT FILE SYSTEM BASED
POWER MANAGEMENT FOR SHARED

STORAGE THAT MIGRATES GROUPS OF
FILES BASED ON INACTIVITY THRESHOLD

FIELD OF THE INVENTION

The present invention relates generally to file servers, and
specifically to reduction of power consumption by disk drives
in the file servers.

BACKGROUND OF THE INVENTION

Considerable work has been done over the years to save
power consumed by disk drives 1n portable computers. The
power consumed by a disk drive 1n a portable computer sub-
stantially limits the duration of time that the portable com-
puter can be operated from an internal battery. A common
solution to this problem has been to “spin down” the disk
drive when the disk drive has not been accessed for a certain
period of time. A more sophisticated solution, known as adap-
tive power management, 1s to provide the disk drive with
additional low-power modes between the “active” and
“sleep” modes, and to change dynamically mactivity thresh-
olds for transitioming to the low-power modes based on user
behavior as indicated by a history of disk access.

Recently there has been an increasing desire to reduce the
power consumed by disk storage in data centers and server
farms. The power consumed by the disk storage has been
about one quarter or more of the total power consumption by
the data center or server farm. In addition to the cost of the
clectricity for powering the disk drives, there 1s a cost of
clectricity and equipment for cooling the data facility, and a
reduction in the reliability and lifetime of the disk drives due
to operation at increased temperature. More recently there has
been a concern of power shortages 1n densely populated areas
such as New York City, and a strong desire to avoid power
shortages via energy conservation for a cleaner environment.

Studies of power management for conventional multiple-
disk storage systems have indicated that the high volume of
activity 1n such systems restricts the potential for energy
savings ol the adaptive power management techniques
because the average 1dle periods of the disks are too small to
justily the cost of spinning the disks up and down. However,
the adaptive power management techniques have been pro-
posed for hierarchical storage systems in which 1dle disks
replace infrequently-accessed tape storage. Researchers have
also begun to imnvestigate power-aware storage cache manage-
ment techniques for increasing the idle periods of disks in
order to justily spin-up costs. These mvestigations show that
power cycling must be done 1n an itelligent fashion or else 1t
may actually increase power consumption rather than reduce
it.

A conventional hierarchical storage system has a file sys-
tem interface to a disk storage system backed by a tape library
serving as a final repository for data. In a hierarchical storage
architecture known as a Massive Arrays of Idle Disks
(MAID), the tape library 1s replaced with passive disk drives.
A relatively small power envelope 1s obtained by a combina-
tion of power management of the passive disk drives and the
use of a cache of active disk drives or data migration from

active disk drives to the passive disk drives. See Colarell: et

al., “The Case for Massive Arrays of Idle Disks (MAID),”
USENIX Conference on File and Storage Technologies
(FAST), January 2002, Monterey, Calif.

Power-aware storage cache management techniques are

reported 1n Zhu et al., “Reducing Energy Consumption of
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Disk Storage Using Power-Aware Cache Management,” 10th
International Symposium on High Performance Computer
Architecture, IEEE Computer Society, 2004, and Zhu et al.,
“PB-LRU: A Self-Tuning Power Aware Storage Cache
Replacement Algorithm for Conserving Disk Energy,”
ICS’04, Jun. 26-Jul. 1, 2004, Saint-Malo, France, ACM. For
writes, 11 a disk 1s mactive, the write can be made to a persis-
tent log, and written from the log to disk when the disk
becomes active due to a read. The cache replacement algo-
rithm should selectively keep blocks from “inactive” disks in
the storage cache longer and thus extend the idle period
lengths of those disks. One method of doing this 1s to measure
disk activity and periodically update a classification of disk
activity. Another method 1s to divide the entire cache into
separate partitions, one for each disk, and manage each par-
tition separately.

SUMMARY OF THE INVENTION

In accordance with one aspect, the mvention provides a
method of operating a file server for power savings. The file
server includes active storage containing frequently accessed
files, and active/inactive disk drives for containing infre-
quently accessed files. The method includes successively
migrating groups of the files from the active storage to respec-
tive evacuated ones of the active/inactive disk drives. The files
in each group of files are migrated when the files 1n each
group of files become 1nactive in the active storage. The files
in each group of files are selected to have a similar probability
ol access when access to the active/inactive disk drive con-
taining the group of files reaches an 1mactivity threshold for
powering down the active/inactive disk drive containing the
group of files. The method further includes powering down
the disk drive containing each group of files when access to
the active/inactive disk drive containing the group of {iles
reaches the inactivity threshold for powering down the active/
iactive disk drive containing the group of files.

In accordance with another aspect, the invention provides a
method of operating a file server for power savings. The file
server includes active storage containing frequently accessed
files, and active/inactive disk drives for containing infre-
quently accessed files. The method includes successively
migrating groups of the files from the active storage to respec-
tive evacuated ones of the active/inactive disk drives. The files
in each group of files are migrated when the files in each
group of files become inactive 1n the active storage, and the
active/imnactive disk drives containing the groups of files are
maintained 1n a queue. The method also includes responding
to client requests for access to specified files 1n the active/
iactive disks by promoting the specified files to the active
storage and releasing storage of the specified files from the
active/mnactive disks containing the specified files. The
method further includes powering down the active/inactive
disk drive containing said each group of files when access to
the active/inactive disk drive containing said each group of
files reaches an 1nactivity threshold for powering down the
active/inactive disk drive containing said each group of files.
The method also includes maintaining a map in the active
storage of used and unused storage 1n the active/inactive disk
drives 1n the queue. The method further includes accessing
the map to plan for evacuation of at least one of the active/
inactive disk drives 1n the queue by migrating files from said
at least one of the active/inactive disk drives in the queue to
released storage of at least some of the specified files, and then
executing the plan to evacuate said at least one of the active/
iactive disk drives in the queue.
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In accordance with yet another aspect, the invention pro-
vides a file server. The file server includes at least one data

processor programmed for responding to client requests for
file access, active storage coupled to the at least one data
processor for client access to frequently accessed files 1n the
active storage, and active/inactive disk drives coupled to the at
least one data processor for client access to infrequently
accessed files 1n the active/inactive disk drives. Each of the
active/inactive disk drives has a power savings capability of
powering down from an active state to a normally 1nactive
state when access to the active/inactive disk drive reaches an
iactivity threshold. The at least one data processor 1s further
programmed for maintaining a queue of the active/inactive
disk drives by migrating infrequently accessed files from the
active storage to an evacuated active/inactive disk drive
becoming a youngest active/inactive disk drive on the queue,
promoting files 1n the active/inactive disk drives 1n the queue
to the active storage and releasing storage of the promoted
files in the active/inactive disk drives in the queue 1n response
to client requests for access to the files 1n the active/inactive
disk drives 1n the queue, and evacuating files from an oldest
active/inactive disk drive from the queue.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional features and advantages of the invention will be
described below with reference to the drawings, 1n which:

FIG. 1 1s a block diagram of a hierarchical storage system
in accordance with the present invention;

FI1G. 2 1s a graph of the probability of at least one access per
unit time as a function of time for three classes of files 1n the
hierarchical storage system of FIG. 1;

FIG. 3 1s a block diagram showing a queue of low-power
low-speed active/inactive data disks in the storage hierarchy
of the hierarchical storage system of FIG. 1;

FI1G. 4 1s a block diagram of a high-power high-speed set of
disks 1n a redundant array of inexpensive disks (RAID);

FI1G. 5 1s a block diagram of a low-power low-speed RAID
set of disk drives:

FIGS. 6,7, 8, and 9 together comprise a tlowchart showing,
how the power control policy engine and a migration engine
in the hierarchical storage system of FIG. 1 are programmed
to handle a client’s file during the lifecycle of the file;

FIG. 10 1s a flowchart showing how the power control
policy engine 1s programmed to save power by evacuating a
not yet inactive data disk by migration of files from the not yet
inactive data disk to younger data disks;

FIG. 11 1s a flowchart showing how the power control
policy engine 1s programmed to recover storage by migrating,
files from an oldest data disk to younger data disks;

FIG. 12 1s a block diagram of a meta file system of file
system cells including link and stub files 1n the storage hier-
archy of the hierarchical storage system of FIG. 1;

FIG. 13 1s a block diagram of a stub file in the storage
hierarchy of the hierarchical storage system of FIG. 1;

FIG. 14 shows a display screen for a system administrator
of the hierarchical storage system of FIG. 1;

FIG. 15 1s a block diagram of the power control policy
engine 1n the hierarchical storage system of FIG. 1;

FIG. 16 shows a map of used and unused storage 1n the
active/inactive data disks 1n the queue of FIG. 3;

FI1G. 17 1s a flowchart of a subroutine for scanning the map
of FIG. 16 for planning evacuation of a specified one of the
active/inactive data disks 1n the queue of FIG. 3; and

FIGS. 18 and 19 together comprise a flowchart of a utility
program for searching the low-power low-speed active/inac-
tive data disks 1n the hierarchical storage system of FIG. 1.
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While the invention 1s susceptible to various modifications
and alternative forms, a specific embodiment thereof has been

shown i1n the drawings and will be described 1n detail. It
should be understood, however, that it 1s not intended to limait
the invention to the particular form shown, but on the con-
trary, the mtention 1s to cover all modifications, equivalents,
and alternatives falling within the scope of the invention as
defined by the appended claims.

PR.

L]
=]

ERRED

DETAILED DESCRIPTION OF THE
EMBODIMENT

With reference to FIG. 1, there 1s shown a data processing,
system 1ncorporating the present invention. The data process-
ing system includes a data network 20 interconnecting clients
21, 22, 23 to a network file server 24. The data network 20
may include any one or more of network connection tech-
nologies, such as Ethernet, and communication protocols,
such as TCP/IP. The clients 21, 22, 23, for example, are
workstations such as personal computers using either the
UNIX® operating system or the Microsoft WINDOWS®
operating system. One of the clients 23 1s operated by a
system administrator 48.

The network file server 24 includes a data mover computer
235, a storage controller 26, redundant arrays of 1nexpensive
disks (RAID) 27, 28, 29, and an archival storage unit 30. The
network file server 24 1s managed as a dedicated network
appliance, integrated with popular network file systems 1n a
way, which, other than its superior performance, 1s transpar-
ent to the end user. The data mover computer 25, for example,
1s a high-end commodity computer. Further details regarding
the construction of a network file server using a data mover
computer and a storage controller are found in Vahalia et al.,
U.S. Pat. No. 3,893,140 1ssued Apr. 6, 1999, incorporated
herein by reference, and Xu et al., U.S. Pat. No. 6,324,581,
issued Nov. 277, 2001, incorporated herein by reference.

The data mover computer 25 includes a data processor 31,
random access memory 32, a network interface 33 providing
a port to the data network 20, and a host bus adapter 34 for
providing a Fibre Channel (FC), Small Computer Systems
Intertace (SCSI), or SCSI over IP (1SCSI) link to the storage
controller 26.

The data processor 31 1s programmed primarily for servic-
ing network client requests for access to files stored in the
RAID sets of disk drives 27, 28, 29. This programming
includes a TCP/IP programming layer 35 for communicating
with the network clients 21, 22, 23 1n accordance with the
Transmission Control Protocol (TCP), a Network File Sys-
tem (NFS) module 36 for network file access 1n accordance
with the NFS file access protocol, a Common Internet File
System (CIFS) module 37 for network file access 1n accor-
dance with the CIFS file access protocol, a file system man-
ager 38, a logical volumes layer 39, a Fiber Channel Protocol
(FCP) driver 40, and an SCSI driver 41.

The random access memory 32 includes a bufier cache 42
and a file system cache 43. Read data and write data are
streamed through the butler cache 42 between the network
clients 21, 22, 23 and the storage controller 26. The file
system manager 38 maintains recently accessed file system
data and metadata in the file system cache 43. For example,
cach file system 1s a UNIX®-based file system managed as
described 1in Uresh Vahalia, Unix Internals: The New Fron-
tiers, Chapter 9, “File System Implementations,” Prentice-
Hall, Inc., New Jersey, 1996, p. 261-289.

Each file system includes a hierarchy of directories and
files. Each file system 1s built on a logical volume of contigu-
ous logical block addresses of storage accessible through the
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storage controller 26. The storage controller 26 1s configured
to map the logical block addresses of each logical volume to
one or more of the RAID sets 27, 28, 29. A first group of
RAID sets 27 includes relatively high-power, high-speed
active (1.e., powered-up and spinning) disk RAID sets. A
second group of RAID sets 28 includes relatively low-power,
low-speed active (1.e., powered up and spinmng) disk RAID
sets. A third group of RAID sets 29 includes relatively low-
power, low-speed active/mnactive disk RAID sets including,
disk drives that are switched from an active mode to a nor-
mally mactive mode based on an adaptive 1mactivity thresh-
old. The storage controller 26 may also have a random access
cache memory 47 for storing recently accessed data in the
RAID sets.

The disk storage of the network file server 25 1s arranged in
a hierarchical fashion so that data frequently accessed by the
network clients 1s kept at higher levels of a storage hierarchy,
and data that 1s infrequently accessed by the network clients
1s kept at lower levels of the storage hierarchy. At any given
time, the data of each file resides at a particular one of the
levels of the storage hierarchy. Unless data of a file is
“pinned” at a particular level of the storage hierarchy, the
prolonged absence of any client access to the file will result in
the file data being migrated to the archival storage unit 30.

The archival storage unit 30, for example, 1s a tape library
unit or a compact disk (CD-R) juke-box. The attributes of
cach file, for example, include an indication of the current
level of the file 1n the storage hierarchy, an indication of
whether or not the file data 1s “pinned” to that level, an
indication of whether or not the file 1s presently being
migrated to another level 1n the storage hierarchy, and 1t so,
the level to which the file data 1s being migrated.

In order to automatically migrate file data between levels of
the storage hierarchy, the data processor 31 i1s programmed
with a file migration engine 44. The file system or the logical
volume upon which the file system 1s built 1s constructed so
that the migration can be transparent to the clients 21, 22, 23.
For example, to copy the file data from one level of the storage
hierarchy to another, the file migration engine creates a new
hidden file 1n the target level of the storage hierarchy, copies
the file to the new hidden file, and once the entire file has been
copied, the new file assumes the 1dentity of the original file.
Further details regarding the migration of files 1n this fashion
are found 1n Bober et al., U.S. Pat. No. 6,938,039 entitled
“Concurrent File Access At a Target File Server During
Migration of File Systems Between File Servers Using a
Network File System Access Protocol,” issued Aug. 30, 2005,
incorporated herein by reference.

Conventional program modules for the file system man-
ager and the logical volumes layer 1n a file server might not
already have a mechamism for allocating file system blocks of
a selected level of the storage hierarchy to a given file. In this
case, the conventional program modules could be used for
creating a separate file system cell for each level of the storage
hierarchy, and the file system cells could be linked together to
form a client-visible meta file system including the files at the
various levels of the storage hierarchy. See, for example,
Uday K. Gupta, U.S. Pat. No. 6,775,679, entitled “Building a
Meta File System from File System Cells,” 1ssued Aug. 10,
2004, incorporated herein by reference.

The present invention 1s more specifically directed to a file
server having disk drives operating at different power levels
by transitioning from an active mode to a normally 1active
mode. For example, the storage controller 26 has power
switching circuits 45 for selectively switching oif the power
to specified disk drives 1n the RAID sets 29. In this example,
the data processor 31 may send a command to the storage
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controller 26 to set a specified one of the disk drives in the
RAID sets 29 to anormally inactive mode. In response to such
a command, the storage controller switches off the power to
the specified disk drive once the disk drive has completed any
pending read or write operation. In this normally 1nactive
mode, 11 the storage controller 26 recerves a command to read
or write to the specified disk drive, then the storage controller
will switch on power to the disk drive, wait some time for the
disk drive to power up, and then send the read or write com-
mand to the disk drive. Once the disk drive has completed the
read or write operation, ii the storage controller has not
received a subsequent request within a certain period of time
to read or write to the disk drive, then the storage controller
shuts oif power to the disk drive.

In an alternative embodiment, the disk drives 1n the RAID
sets 29 themselves recognize a command for putting the disk
drive 1into a normally mactive “sleep mode” 1n which the disk
drive has virtually no power consumption. In the “sleep
mode,” the power consumed 1s limited to that necessary for
the disk drive to recognize a command to power-up the disk
drive. For example, 1f the disk drive 1s 1n “sleep mode” and 1t
receives a command to perform a read or write operation, 1t
powers up, performs the read or write operation, and powers
down 11 1t does not receive a subsequent request within a
certain period of time to read or write to the disk drive (or to
cancel the “sleep mode™).

In yet another embodiment, the storage controller 26 or
cach disk drive 1n the RAID sets 29 1s programmed to power
down each disk drive 1n the RAID sets 29 based on the access
history of each disk drive 1n the RAID sets 29 1n accordance
with the technique of adaptive power management used in
personal computers.

Power-up/power-down cycling of a disk drive must be
performed 1n an intelligent fashion because continuous
power-up/power-down cycling will consume about twice as
much power as a disk that 1s powered up continuously. More-
over, to limit the peak power consumed by the network file
server, only a small fraction of the disk drives in the RAID sets
29 should be powered up at any given time. In the file server
24, the data processor 31 1s programmed with a power control
policy engine 46 that controls when the disk drives in the disk
RAID sets 29 are powered-up 1n order to conserve power and
to limait the total peak power consumed by all of the disks
drives.

The mventors have discovered that power-up/power-down
cycling of disk drives 1n a shared storage environment often 1s
ineflective because the conventional techniques do not effec-
tively segregate files that fit a normal popularity and life-cycle
model from those that do not fit the normal popularity and
life-cycle model. For example, 1n a typical business enter-
prise, about 10% of'the files are accessed 90% of the time, and
up to 50% or more of the stored file will never be accessed
again. Files that it the normal popularity and life-cycle model
(the “well-behaved files™) have a probability of access that
decreases exponentially with time, and files that do not fit the
normal popularity and life-cycle model (the “problem files™)
have a probability of access that decreases at a slower rate
with time. The conventional techniques are somewhat effec-
tive for minimizing penalties that the problem files impose
upon the energy cost of the shared storage. The conventional
techniques, however, do not realize all of the possible benefits
of handling the well-behaved files 1n a most energy efficient
manner once the well-behaved files have been segregated
from the problem files.

FIG. 2, for example, shows a graph of the probability of at
least one access per unit of time verses time for each of three
classes of files. Class 1 1s the normal class comprising about
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50% of the files 1n the RAID sets 27, 28, 29. Class 2 i1s the
problem class comprising about 45% of the files in the RAID
sets 27, 28, 29. Class 3 1s a class comprising about 5% of the
files 1n the RAID sets 27, 28, 29. In the system of FIG. 1, the
power control policy engine 46 operates the file migration 3
engine 44 so that the files of class 3 are confined primarily to
the high-power high-speed active disk RAID sets 27, the files

of class 2 become confined primarily to the low-power low-
speed active disk RAID sets 28, and the files of class 1 become
confined primarily to the low-power low-speed active/inac- 10
tive RAID sets 29 (at least prior to migration to the archive
storage unit 30).

For keeping the problem files segregated from the well-
behaved files, an access history or statistic 1s maintained at
least for each file 1n the low-speed low-power RAID sets 28 15
and 29. Significant power savings in the system of FIG. 1 are
obtained primarily by proper segregation of the problem files
from the well-behaved files so that the low-power low-speed
active/inactive disk RAID sets 28 transition from active mode
to normally inactive mode more quickly and exhibit less 20
frequent power-on/power-oil cycling once they have transi-
tioned to the normally active mode. A significant character-
1stic of each class 1s the probability of access at a substantial
time since the file was last modified, because this character-
1stic indicates a lowest level 1n the storage hierarchy at which 25
the file should be kept. For a given file in the low-power
low-speed RAID sets 28 and 29, a pertinent measurable char-
acteristic of the file 1s the duration of time between the time
when the file 1s placed 1n the low-power low-speed active disk
RAID sets 28 and when the {ile 1s thereafter accessed. For 30
example, a recent history of this characteristic 1s kept for each
file, or a statistic of this characteristic 1s kept for each file, such
as an 1ndication of whether an access frequency for each file
1s known, and 11 so, a mean value of this access frequency.

An important decision regarding a file 1s whether or not the 35
file should be migrated into one of the low-power low-speed
active/imnactive disk RAID sets 29. This decision 1s made by
comparing the duration of time since the last access of the file
(1.e., the degree of mactivity of the file) to a threshold. By
keeping some access history or an access statistic for each 40
file, the comparison can be adjusted based on the access
history or access statistic so that files having a history of
activity that 1s significant relative to the threshold must be
inactive for a greater duration of time 1n order to be migrated
into one of the low-power low-speed active/inactive disk 45
RAID sets 29.

FI1G. 3 shows the storage hierarchy of the disk storage in the
file server of FIG. 1. The copying or migration of files 1s
indicated by arrows with dashed lines, and a change 1n state or
level of the disk storage 1s indicted by an arrow with a solid 50
line. The low-power low-speed active/inactive data disks 51
to 56 (of the low-power low-speed active/inactive RAID sets
29 o1 FI1G. 1) are arranged 1n a queue 50. In general, this queue
50 includes more than just the six data disks 51-56 as shown,
and every consecutive four data disks in the queue 50 (unless 55
and until a data disk becomes evacuated) has an associated
parity disk to form one of the low-power low-speed active/
inactive disk RAID sets (29 1n FIG. 1).

To minimize disk accesses for maintaining the parity
across each RAID set, the number of disks 1n each of the 60
RAID sets 1s kept constant, and the active/inactive data disks
are kept together 1n the RAID sets as an individual data disk
1s added to the queue 50 and loaded with data expelled from
the low-power low-speed active disk RAID sets 28, or retired
from the queue 50 and put in a pool 57 once the data disk 1s 65
evacuated. In the pool 57, each RAID set 1s initially initialized
by computing the parity across the data disks in the RAID set
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and writing this parity into the parity disk of the RAID set. In
a background task, RAID sets returned to the pool 57 are also
periodically scrubbed of any parity error by re-computing the
parity across the data disks of each RAID set and comparing
the re-computed parity to the parity in the parity disk of the
RAID set.

At the top of the storage hierarchy, files are migrated from
the high-power high-speed active disk RAID sets 27 to the
low-power low-speed active disk RAID sets 28 on an as-
needed basis by selecting the “least recently used” (LRU) file
for evacuation from the high-power high-speed active disk
RAID sets 27. For this purpose, the file system manager (38 1n
FIG. 1) notifies the file migration engine (44 1n FIG. 1) when
a file 1s created or modified, and 1n response, the file migration
engine updates the LRU list. When the free space in the
high-power high-speed active disk RAID sets 27 falls below
a low-water mark, the file migration engine migrates the
least-recently-used files from the high-power high-speed
active disk RAID sets to the low-power low-speed active disk
RAID sets 28, until the free space 1n the high-power high-
speed active disk RAID sets exceeds a high-water mark.

Files are migrated from the low-power low-speed active
disk RAID sets 28 to a low-power low-speed active/inactive
disk drive 51 currently being loaded and presently 1n active
mode. A file in the low-power low-speed active disk RAID
sets 28 1s selected for its data to be migrated when the file has
not been accessed for an amount of time estimated to achieve
the best power savings. This amount of time 1s a function of
any past history of client access of the file when the file
previously was 1n any one of the low-power low-speed active/
iactive disk RAID sets 28. If there 1s a past history of client
access of the file when the file previously was 1n a low-power
low-speed active/inactive disk RAID set, then the file must
not have been accessed for an increased amount of time for
expulsion into the disk drive 51. For example, each file 1n the
low-power low-speed active disk RAID sets 28 has a respec-
tive expulsion time for migration to the next low-power low-
speed active/iactive disk drive 51 currently being loaded and
presently in active mode. The file migration engine 44 keeps
a list of the files ordered by this expulsion time, and periodi-
cally inspects this list to find files that should be migrated.

By successively migrating files from the low-power low-
speed active disk RAID sets 28 into data disks of the low-
power low speed active/inactive RAID sets 29 based on a
respective expulsion time for each file, each data disk of each
low-power low speed active/inactive RAID set contains a
related generation of files, so that the files in each active/
iactive data disk have a similar probability of access when
access to the active/inactive data disk reaches an inactivity
threshold for powering down the active/inactive data disk.
Therefore, each data disk 1n the queue 50 1s powered-down at
an appropriate time and manner based on the frequency of
access to the data disk. For example, each disk drive 1n the
queue 50 1s powered-down through intermediate power
modes using the known adaptive power management tech-
niques designed for disk drives for portable computers.

For example, when the disk drive 51 1n active mode 1s being,
loaded, access statistics are collected for a youngest previ-
ously-loaded disk drive 52 1n active mode, in order to deter-
mine precisely when to power down the disk drive 52. A next
oldest disk drive 53 1s operating 1n a “slow spin” intermediate
power mode, 1 which the disk 1s spun at one-half normal
speed. A next oldest disk drive 54 1s 1n a normally 1nactive
mode. A next oldest disk drive 55 1s also 1n anormally 1nactive
mode. At the lowest level 1n the storage hierarchy, an oldest
disk drive 56 1s 1n an active mode during the streaming of file
data to the archival storage unit 30. Once the disk drive 56 1s
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evacuated of file data, the disk drive 56 1s returned to the pool
57 of evacuated low-power low-speed active/inactive disk
drives 1n the normally 1nactive mode.

When a network client accesses a file at the lower levels of
the storage hierarchy, the file 1s promoted to a higher level in
the hierarchy. For example, when a network client performs a
write access to the file, the file 1s migrated (along path 38)
back to the uppermost level (the high-power high-speed
active disk RAID sets 27). When a network client performs a
read access to a file 1n a low-power low-speed active/inactive
RAID set, the file 1s migrated back to the low-power low-
speed active disk RAID sets 28 (along path 59).

In a network file server having a large number of low-
power low-speed active/mactive RAID sets, the file promo-
tion process may create so much iree space in the low-power
low-speed active/inactive data disks that 1t may be possible to
obtain a power savings by evacuating a data disk drive before
the disk drive 1s powered down to a normally nactive mode.
The data disk drive 1s evacuated by migrating files 1n the data
disk drive to younger data disks in the queue 50. In this case
the evacuated disk drive 1s returned to the pool 37 along a path
60.

Disk drives are allocated from the pool 57 for a variety of
uses. Disk drives are allocated from the pool 57 (along path
61) as needed for recerving files migrated from the low-power
low-speed active disk RAID sets 28. Also, it 1s possible to use
the same kind of disk drives for the low-power low-speed
active disk RAID sets 28 and the low-power low-speed active/
inactive disk RAID sets 51-56. In this case, RAID sets {from
the pool 57 can be dynamically allocated as needed (along
path 62) to the low-power low-speed active disk raid sets 28.
When there 1s sullicient free storage in the low-power low-
speed active disk RAID sets, then the data disks of the RAID
sets can be evacuated and the RAID sets de-allocated from the
low-power low-speed active RAID sets 28 and returned to the
pool 57.

The high-power high-speed active disk RAID sets 27, for
example, are configured from Fibre Channel (FC) disk drives,
and the low-power low-speed disk RAID sets 28 and 51-56
are configured from serial ATA disk drives. In addition, for
power savings, the placement of the file data 1n the low-power
low-speed disk RAID sets 28 and 29 can be different from the
placement of the file data in the high-power high-speed active
disk RAID sets 27.

As shown 1n FIG. 4, for high-speed access to a file, the file
blocks are striped across the disk drives 71, 72, 73, 74, 75 in
the high-power high-speed RAID set 70 (used in the high-
power high-speed active disk RAID sets 27 of FIG. 1). The
striping shown 1s for a RAID level 3, although file data 1s also
striped across all of the disk drives except an independent
parity drive in a RAID level 3 set or a RAID level 4 set. A read
of a file (File 0 or File 1) may cause a surge in power con-
sumed by all of the data disk drives 71-75 1n the RAID set 70.
A write to the file (File 0 or File 1) may cause a surge in power
consumed by all of the data disk drives 71-75 1n the RAID set
70.

As shown 1n FIG. §, for low power consumption, the file
blocks are not striped across the disk drives 81, 82, 83, 84, 85
in the low-power low-speed RAID set 80 (used 1n the low-
power low-speed active disk RAID sets 28 or in the low-
power low-speed active/inactive disk RAID sets 29 of FIG.
1). In addition, an independent one of the disk drives 83 in the
RAID set 80 stores the parity information (similar to RAID
levels 3 or 4). In this fashion, a read access to a file (File 0, 1,
2, or 3) 1n the low-power low-speed RAID set 80 normally
causes a surge in power consumption of only a single one of
the disk drives (the one containing the file). If the RAID set 80

10

1s 1n the normally mactive mode, only this single data disk
drive needs to be powered-up for the read access. A write
access to afile (File 0, 1, 2, or 3) in the low-power low-speed
RAID set normally causes a surge in power consumption of

5 justthe data disk drive containing the file and the disk drive 84
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containing the parity. If the RAID set 80 1s in the normally
inactive mode, just these two disk drives need to be powered
up for the write access to the file.

FIGS. 6 t0 9 show operation of the file migration engine (44
in FI1G. 1), as directed by the power control policy engine (46
in FI1G. 1), over the lifecycle of a client’s file. In a first step 91,
a file for a client 1s created in one of the high-power high-
speed active disk RAID sets (27 1n FIG. 1). The file modifi-
cation time attribute and the file access time attribute (Ta) of
the file are set to the current time (T). In step 92, if the client
reads or writes to the file, then execution branches to step 93.
In step 93, the file access time attribute (Ta) 1s reset to the
current time. For a write operation, the file modification
attribute 1s also reset to the current time. Execution continues
from step 93 to step 94. Execution also continues from step 92
to step 94 if the client does not read or write to the file.

In step 94, the power control policy engine looks at the
head of the LRU list when the policy control engine needs to
increase iree space in the high-power high-speed active disk
RAID sets. If the client’s file 1s not found at the head of the
LRU list, then execution loops back to step 92. Otherwise,
execution continues from step 94 to step 95. In step 95, thefile
migration engine migrates the file from the high-power high-
speed active disk RAID setto one of the low-power low-speed
active disk RAID sets (28 i FIG. 1). In step 96, the file
migration engine sets an access frequency attribute for the file
to “unknown’ and computes an expulsion time (Texp) for the
file from the file’s access time attribute (Ta) by adding a
predetermined threshold value (Thl). The threshold value
(Thl) 1s an amount of time that the file should remain in the
low-power low-speed active disk RAID set when the file 1s
never accessed, and the power control policy engine may
adjust this threshold value over time 1n order to balance file
occupancy of the low-power low-speed active disk RAID sets
(28 1n FIG. 1) relative to the low-power low-speed active/
mactive disk RAID sets (29 1n FIG. 1). The power control
policy engine puts the file on an expulsion list at a position
determined by the file’s expulsion time. Execution continues
from step 96 to step 101 1n FIG. 7.

In step 101 of FIG. 7, 1t the client writes to the file, then
execution braches to step 102. In step 102, the power control
policy engine promotes the file by migrating the file from the
low-power low-speed active disk RAID set to a high-power
high-speed active disk RAID set. Execution loops from step
102 back to step 93 of FI1G. 6. In step 101, 11 the client does not
write to the file, then execution continues to step 103.

In step 103, 1f the client reads the file, then execution
branches to step 104. In step 104, 11 the file’s access frequency
1s “unknown,” then execution branches to step 105. In step
105, the power control policy engine computes the file’s
access Irequency as the reciprocal of the difference between
the current time (1) and the file’s access time attribute (Ta). In
step 104, 11 the file’s access frequency 1s not “unknown,” then
execution continues to step 106. In step 106, the file’s access
frequency 1s updated by computing a weighted average of the
f1le’s access frequency (Fa) and a new estimate (1/(1-Ta)) of
the file’s access frequency. For example, a new value of the
file’s access frequency 1s computed as aFa+(1-a.)/(T-Ta),
where a 1s a predetermined constant between 0 and 1 such as
one-half. Execution continues from step 105 or step 106 to
step 107. In step 107, the file’s access frequency 1s compared
to a predetermined threshold frequency F1 to determine
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whether or not the file should be promoted. I the file’s access
frequency 1s greater than the threshold frequency, then execus-
tion branches to step 102 to migrate the file from the low-
power low-speed active disk RAID set to a high-power high-
speed active disk RAID set.

In step 108, the file’s expulsion time 1s updated as a func-
tion of the access frequency. For example, the expulsion time
(Texp) 1s calculated as Ta+Th1*(1+p(Thl)*(Fa)), where p 1s
a predetermined constant such as one. Thus, a file having a
known access frequency due to read access 1n a low-power
low-speed RAID set must be 1nactive for a longer period of
time (proportional to 3 and the access frequency, Fa) than a
file having an unknown access frequency to be expelled mnto
the active/inactive data disk currently being loaded at the tail
of the queue (50 1n FIG. 3). The power control policy engine
also updates the file’s position on the expulsion list 1n
response to a change in the file’s expulsion time. After step
108, execution continues to step 111 1n FIG. 8. Execution also
continues to step 111 from step 103 when the client does not

read the file.

In step 111 of FIG. 8, 1f the client’s file 1s not at the head of
the expulsion list, then execution loops back to step 101 of
FIG. 7. Otherwise, execution continues to step 112. In step
112, it the current time (1) 1s not greater than the file’s
expulsion time (1), then execution loops back to step 101 of
FIG. 7. Otherwise, execution continues to step 113. In step
113, if the file has been marked as a copy, then execution
continues to step 114. In step 114, the file 1s deleted because
the marking of a file as a copy indicates that the original file 1s
already 1n a low-power low-speed active/inactive disk RAID
set or 1n archival storage. In step 113, 1f the file 1s not marked
as a copy, then execution continues to step 115.

In step 115, the file migration engine migrates the file to the
low-power low-speed active/inactive data disk currently
being loaded at the tail of the queue (50 1n FIG. 3), and retains
some of the first direct blocks of the file 1n a pinned stub file
pointing to the target of the migration. The pinned stub file
also provides a way of rapidly accessing the attributes of the
file when the file 1s not otherwise rapidly accessible once the
low-power low-speed active/inactive data disk later powers
down to a normally mactive mode or when the file 1s migrated
to the archival storage unit. In step 116, 11 the client writes to
the file 1n the low-speed low-power active/inactive data disk
(or 1n the archival storage unit), then execution continues to
step 117. In step 117, the file migration engine promotes the
file back to the highest level in the storage hierarchy by
migrating the file from the low-power low-speed active/inac-
tive data disk (or from the archival storage unit) to a high-
power high-speed active disk RAID set, and deleting stub file.
Execution loops from step 117 back to step 93 of FIG. 6.

In step 116, 1f the client does not write to the file, then
execution continues to step 121 of FIG. 9. In step 121, 11 the
client reads the file, execution continues to step 122. In step
122, if the file has a “read-only” attribute set, then execution
branches to step 123. Such a read-only file 1s not likely to be
deleted from storage, and oiten 1s a retention protected file
that should not be deleted. Therelore, in step 123, the file
migration engine copies the client’s file from the low-power
low-speed active/inactive data disk (or the archival storage
unit) to a high-power, high-speed active disk RAID set, and
marks the copy as a copy, but does not remove the client’s file
from the low-power low-speed active/inactive data disk (or
the archival storage unit). Execution loops from step 123 back
to step 104 of FI1G. 7.

In step 122, 11 the client’s file 1s not read-only, then execu-
tion continues to step 124. In step 124, the file migration
engine migrates the file from the low-power low-speed active/
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iactive data disk (or from the archive storage unit) to a
low-power low-speed active disk RAID set, and deletes the
stub file. Execution loops from step 124 back to step 104 of
FIG. 7.

In step 121, 11 the client does not read the file, then execu-
tion continues to step 125. In step 1235, the active/mactive data
disk drive containing the client’s file 1s spun down and pow-
ered down through imntermediate power modes 1n response to
a decreasing frequency of access to the disk drive until the
disk drive 1s in a normally inactive mode. This can be done by
a program 1n the storage controller or 1n the disk drive 1tself.
When the disk drive 1s switched to the normally 1nactive
mode, the stub file 1s updated to indicate that the client’s file
has become “oftline.”

From step 125, execution continues to step 126. In step
126, 11 1t 1s not yet time to archive or delete the file, then
execution loops back to step 116 1n FIG. 8. Otherwise, 1T 1t 1s
time to archive or delete the file, then execution continues to
step 127. In step 127, the file migration engine migrates the
file to the archival storage unit. Because the files 1 each
active/inactive mode disk drive have similar inactivity or
expulsion times, the files 1n each active/inactive mode disk
drive are archived in one or more batches from the disk drive
to the archival storage unit. For each batch, the disk drive 1s
powered up, spun up, the batch of files are migrated to the
archival storage or deleted, and then the disk drive 1s powered
down.

In step 127, a file 1s deleted, for example, 1 there 1s no
requirement for the file to be archived, or 1f a remote copy of
the file 1s available somewhere else, or if the file 1s a “read
only” file and a copy of this “read only” file exists 1n one of the
low-speed low-power disk RAID sets. After step 127, if the
client’s file has been archived, then the file remains in the
archival storage unit until recalled 1n response to a client
request to read from or write to the file.

I1 the price of disk drives continues to decrease relative to
the cost of archival storage, there might not be any benefit to
using an archival storage unit. For example, 1n an Internet
server storing read-only web pages, any cost savings of archi-
val storage over normally inactive disk storage might not be
worth the additional delay of retrieving and mounting a cas-
sette tape or CD ROM disk. In this case, there should be added
a background process of reclaiming storage space of files that
are promoted from the normally mactive disk storage. Such a
background process of reclaiming storage may work from the
head of the queue of active/inactive data disks (50 1n FIG. 3)
by migrating files from the oldest active/inactive data disk in
the queue to released space from files promoted from younger
active/inactive data disks in the queue so that the evacuated
data disk can be removed from the queue and returned to the
pool of evacuated active/inactive data disks (57 1n FIG. 3).

Thus, 1n a hierarchical storage system having a queue of
active/inactive data disks, two separate mechanisms could be
used for data disk evacuation. A not yet mactive data disk
drive could be evacuated for power saving by file migration
from the not yet inactive data disk drive to released storage of
files promoted from younger data disk drives in the queue. If
the oldest data disk in the queue 1s not evacuated by file
deletion or migration to an archival storage unit, then 1t would
also be desirable evacuate the oldest data disk 1n the queue for
storage reclamation by file migration from the oldest data
disk 1n the queue to released storage from files promoted from
younger data disk drives 1n the queue.

FIG. 10 shows how the power control policy engine 1s
programmed to save power by evacuating a not yet mactive
data disk in the queue by migration of files from the not yet
inactive data disk to released space of younger data disks 1n
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the queue. In a first step 131, the power control policy engine
keeps track of free storage and used storage of the active/
mactive disk drives. For example, the policy control engine
maintains a map (204 1n FIG. 15) of the used and unused
storage capacity for each active/inactive data disk in the
queue (50 1n FIG. 3). This map 1s maintained 1n active storage,
so that the power control policy engine does not need to
access any 1nactive storage i order to plan, pre-allocate the
unused storage capacity, and schedule a migration of files to
the pre-allocated unused storage capacity.

In step 132, the power control policy engine maintains an
age (AGEX) below which there would be a power savings by
evacuation of a not yet inactive data disk by migration to
released storage of younger data disks 1n the queue of active/
inactive data disks. This age (AGEX) 1s estimated or com-
puted as the difference between the average time that an
active/inactive data disk becomes 1nactive after the mactive/
inactive data disk 1s loaded, and the average time that 1t takes
to perform the evacuation of a disk at this age.

The policy control engine repetitively performs a scan
cycleto look in the queue for the youngest active/inactive data
disk that 1s younger than “AGEXx” and that can be evacuated
by migration of 1ts files to released storage of younger active/
inactive data disks in the queue. For example, such a scan
cycle 1s performed periodically as a background task and
more frequently 1n response to the release of storage by file
preemption from active/inactive data disks 1n the queue that
are younger than “AGEX.” When such a scan cycle 1s per-
formed, the policy control engine determines an amount of
free storage actually used or a minmimum amount of free
storage needed for evacuation of an active/inactive data disk
younger than “AGEX” 1n the queue. Whenever substantially
more than such an amount of free storage becomes available
by file preemption from the queue, another scan cycle can be
preformed with a high degree of certainty of finding an active/
inactive data disk suitable for evacuation for power savings.

In step 133, 11 1t 15 not time for a scan cycle, then execution
loops back to step 131. Otherwise, 111t 1s time for a scan cycle,
then execution continues from step 133 to step 134. In step
134, the power control policy engine scans its record of free
and used storage for the disks 1n the queue of active/inactive
data disks starting at the second younger disk in the queue and
checking whether this data disk can be evacuated by migra-
tion of 1ts files to younger data disks 1n the queue other than a
youngest data disk being loaded. The scan continues down the
queue until either a disk 1s found that can be evacuated by
migration of 1ts files to the younger disks 1n the queue other
than a youngest data disk being loaded or until reaching a disk
having an age of at least “AGEX.” In step 135, i such a disk to
evacuate 1s not found, then execution loops back to step 133.
Otherwise 1f such a disk to evacuate 1s found, then execution
continues to step 136 to evacuate the disk and return the disk
to the pool of evacuated disks (57 in FIG. 3), so that the disk
becomes 1nactive for power saving, and execution returns to
step 131. Normally, the disk evacuated in step 136 1s not
re-used until the other data disks in 1ts RAID set have also
been evacuated and returned to the pool of evacuated disks.

FIG. 11 shows how the power control policy engine 1s
programmed to recover storage by migrating files from an
oldest data disk to younger data disks 1n the queue. In a
hierarchical storage system in which a not yet mactive data
disk younger than “AGEX” could be evacuated for power
savings, the files migrated from the oldest data disk are not
migrated to data disks younger than “AGEX” so as not to
compete with this mechanism for power savings. In step 141,
when a data disk in the queue (50 in FIG. 3) reaches “AGEx”
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“AGEX,” execution continues to step 142. In step 142, the
power control policy engine updates a map of released stor-
age (1n the data disks of at least “AGEX” 1n the queue) avail-
able for receiving files migrated from the oldest data disk 1n
the queue. In step 143, 11 this amount of released storage 1s
suificient for evacuation of the oldest data disk in the queue,
then execution continues to step 144. In step 144, the oldest
data disk 1n the queue 1s evacuated by migration of the files of
the oldest data disk to the younger data disks of at least
“AGEX" 1nthe queue. The power control engine schedules the
migration 1n advance so that power-prefetch commands are
sent to the active/inactive disks before data i1s to be trans-
terred. The power-prefetch commands ensure that the disks
are active at the respective times scheduled for data transter.
Once the oldest data disk 1n the queue has been evacuated, the
data disk 1s removed from the queue and put in the pool of
evacuated active/inactive disks.

It should be understood that the storage recovery proce-
dures 1n FIGS. 10 and 11 avoid unnecessary migration of files
from one data disk 1n the queue to another data disk 1n the
queue. The storage recovery procedures in FIGS. 10 and 11,
however, may cause the order of the files 1n the queue to
become different from the order in which the files were
loaded into the queue. This change in the order of the files 1n
the queue does not significantly interfere with power savings
because the movement of older files to younger data disks in
the queue tends to make the frequency of access to the
younger data disks more predictable. For the archiving of files
or for other purposes, however, 1t may be desirable to keep the
order of the files in the queue substantially the same as the
order 1n which the files were loaded into the queue. It 1s
possible to recover storage under this constraint without sub-
stantial interference with power savings by modilying the
storage recovery techniques of FIGS. 10 and 11 so that a
not-yet imactive data disk 1s evacuated by migrating files from
the not-yet inactive data disk to only a next youngest data disk
in the queue, and so that an 1nactive data disk 1s evacuated by
migrating files from the mactive data disk only to the next
youngest data disk or a next oldest data disk 1n the queue.

The storage controller (26 in FI1G. 1) or each active/inactive
disk drive responds to a power pre-fetch command by bring-
ing the disk drive to the active state at the requested time 1n
such a way as to minimize power. Thus, a disk drive 1n an
inactive mode will spin-up beginning at a time and in such a
way (e.g., slow or fast angular acceleration) as to minimize
the power required to be fully active at the time specified in
the power pre-fetch command.

FI1G. 12 shows ameta file system of file system cells includ-
ing link and stub files in the storage hierarchy of the hierar-
chical storage system of FIG. 1. Each level in the storage
hierarchy 1s organized as a separate {ile system, forming a cell
in a meta file system appearing to a normal client (1.e., not a
privileged client such as a system administrator) as a single
file system. Thus, the files 1n the high-power high-speed
active disk RAID sets 27 are organized nto a file system “C.”,
the files 1n the low-power low-speed active disk RAID sets 28
are organized into a file system “D:”, the files 1n the low-
power low-speed active/inactive data disk 51 are organized
into a file system “E1:”, the files in the low-power low-speed
active/inactive data disk 52 are organized nto a file system
“E2:.”, and the files in a tape cassette or CD-R disk 160 1n the
archival storage unit 30 are organized into a file system “F1:”.

When a file 151 (File A) 1s migrated from the file system
“C:” of the igh-power high-speed active disk RAID sets 27
to the file system “D:” of the low-power low-speed active disk
RAID sets 28, a link 152 to the file 151 1s placed 1n the file

system “C:”.
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When a file 153 (File B) was migrated from the file system
“C:” of the high-power high-speed active disk RAID sets 27
to the file system “D:” of the low-power low-speed active disk
RAID sets 28, a link 1355 to the file 153 was placed 1n the file
system “C:”. When the file 153 1s expelled from the file

system “D:” and put 1n the file system “E1:” of the active/
inactive data disk 51, a stub file 154 pointing to the file 53 1s
kept 1n the file system “D:”.

In a similar fashion, when a file 156 (File C) was migrated
from the file system “C:” of the high-power high-speed active
disk RAID sets 27 to the file system “D:” of the low-power
low-speed active disk RAID sets 28, a link 158 to the file 156
was placed 1n the file system “C:”. When the file 156 was
expelled from the file system “D:” and put 1n the file system

“E2:” of the active/inactive data disk 52, a stub file 157

pointing to the file 156 was kept 1n the file system “D:”.

In a similar fashion, when a file 139 (File D) was migrated
from the file system “C:” of the high-power high-speed active
disk RAID sets 27 to the file system “D:” of the low-power
low-speed active disk RAID sets 28, a link 161 to the file 159

was placed 1n the file system “C:”. When the file 159 was
expelled from the file system “D:” a stub file 160 pointing to
the file 159 was keptin the file system “D:”. When the file 159
was archived to the tape cassette or CD-R disk 160 1n the
archival storage unit 30, the stub file 154 was updated to point
to the file 159 m a file system “F1:” of the tape cassette or
CD-R disk 160.

FIG. 13 shows a preferred organization of the stub file 154
in the storage hierarchy of FIG. 12. The stub file 154 includes
a file system ID 181 of the target file system 51 named “E1:”.
The stub file 154 also includes a file ID 182 of the target file
153. The stub file 154 also includes a copy 184 of the first
cighteen blocks of the target file 153. Therelore, a file system
operation requiring attributes of the target file 153 may fetch
the attributes from the stub file 154, and a file system opera-
tion of the target file 153 may begin by reading the bocks 184
from the stub file while the target file system 31 1s being
accessed.

The stub file 154 1ncludes an offline flag 185 1ndicating
whether or not the target file system 51 1s offline because 1t 1s
in an active data disk or because 1t 1s 1n a tape cassette or 1n
a CD-R disk that 1s not yet mounted in the archival storage
unit. It the offline tlag 1s set, then the file system manager (38
in FIG. 1) will treat the target file system as i1f 1t were an
unmounted file system, instead of returning a delayed error
message or causing termination of a session aiter a timeout
interval. Thus, a network client can be notified immediately
of an oftline status, and the client could have the option of
cancelling an access request.

The stub file 154 may also include the file system ID and
file ID of any copy of the target file 153, or an indication that
there 1s no copy. As noted above, if the target file 153 1s a
read-only file, then a copy of the target file 153 may reside in
a low-power low-speed active disk RAID set. If the stub file
154 indicates a file system 1D and file ID of a copy, then for a
read access, the copy 1s accessed 1nstead of the target file 153.

The hierarchical storage system as described above 1s espe-
cially adapted for a normal popularity and life-cycle model
for client access to files 1n the hierarchical storage. To main-
tain a high level of performance, 1t 1s desirable to convey to the
system administrator a picture 190 of the low-power low-
speed storage utilization. Abnormal utilization of the low-
power low-speed storage utilization may give advance warn-
ing ol an impending loss of performance due to abnormal
client demand, for example, due to an unauthorized scan or
copy of the files in the hierarchical storage.
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The power control policy engine (46 1n FIG. 1) provides the
system administrator (48 1n FIG. 1) with a graphical display
190 including a graph 191 of the access frequency versus time

tfor the files 1n the low-power low-speed storage (disk RAID
sets 28 and 29 1n FIG. 1). This graph 191 1s constructed from

the average frequency (AF1) of access of a file 1 the low-
power low-speed active disk RAID sets 28, and from the
average Ifrequency of access (AF2, AF3, AF4, AFS5, etc.) of
cach of the active/inactive data disks in the queue (50 1n FIG.
3), and the average age of the files 1n the low-power low-speed
active disk RAID sets 28 and 1n each of the active/inactive
data disks in the queue. Thus, the average frequency of access
(AF1) of a file 1n the low-power low-speed active disk RAID
sets 28 1s position at a time of one-half of the expulsion
threshold time (Th1), and the average frequency of access of
a file 1 each of the active/inactive data disks 1n the queue 1s
plotted at a time of the expulsion threshold time (Thl) plus the
time elapsed since the data disk was loaded. Also indicated on
the graph 1s the expulsion threshold time (Th1) and the aver-
age time (Toil) at which the active/inactive disks transition to

their normally 1nactive mode.

The graphical display 190 further includes a chart 192
showing the various percentages of the low-power low-speed
storage that 1s free, active, active/inactive, and active/inactive
“on” and active/inactive “off.” The storage that 1s active/
mactive “off” 1s the active/inactive storage that 1s 1n the nor-
mally active state.

The graphical display 190 also includes a chart 193 1ndi-
cating the percentage of files 1n the low-power low-speed
active disk RAID sets (28 1n FIG. 1) that has not yet been
accessed 1n the low-power low-speed active disk RAID sets,
and the average access frequency for the files 1 the low-
power low-speed active disk RAID sets that have been
accessed 1n the low-power low-speed storage.

FIG. 15 shows a block diagram of the power control policy
engine 46 in the hierarchical storage system of FIG. 1. The
power control policy engine 46 maintains a database 201 of
current storage usage parameters, such as the storage capacity
of the low-power low-speed active data disks, the storage
capacity of low-power low-speed active/inactive data disks 1n
the queue, and the storage capacity of the evacuated low-
power low-speed active/inactive data disks in the pool of
evacuated disks. The power control policy engine 46 also
maintains a map 202 of the disks allocated to each of the
low-power low-speed RAID sets 28, 29, an expulsion list 203
for the low-power low-speed active disk RAID sets (28 1n
FIG. 1), the queue 50 of low-power low-speed active/inactive
data disks, and a map 204 1n active disk storage of used and
unused storage capacity for each active/inactive data disk in
the queue.

The power control policy engine 46 maintains the param-
eters 205 ('Thl, o, 3, AGEX) that are set or adjusted for power
savings, and computes and records access statistics and an
average age 206 for each low-power low-speed active/inac-
tive data disk. The power control policy engine 46 also com-
putes and records low-power low-speed storage usage per-
centages of the active disk RAID sets (28 in FIG. 1), the
active/imactive disk RAID sets (29 in FIG. 1), the evacuated
disk, and the percentage of active disk storage with known
versus unknown access history. The power control policy
engine 46 also includes the power control policy engine pro-
gram 28, which operates as described above with reference to
the flowcharts of FIGS. 6 to 11. Finally, the power control
policy engine includes a utility program 209 for searching the
low-power low-speed active/inactive data disks 1 a back-
ground mode.
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FIG. 16 shows a specific example of the map 204 of used
and unused storage in each active/inactive data disk 1n the
queue. For each active/inactive data disk in the queue, the
map 204 includes the number of file system blocks of free
space, and a list of the file sizes of the files on the data disk.
For example, for each file, the map 204 also includes the file
ID of the file 1n the file system of the data disk, and the file ID
of the corresponding stub file. Therefore, evacuation of a
source disk can be planned 1n advance by accessing only the
map 204 (and not the source disk or target disks) to find a
respective target disk having a suificient number of free file
system blocks for each file on the source disk. The search
process can be facilitated by keeping the list of the files on
cach data disk sorted in descending order of file size.

FIG. 17 shows a subroutine for planning evacuation of a
specified one of the active/inactive data disks 1n the queue (50
in FI1G. 3). In a first step 211, the power control policy engine
searches the storage allocation map for a younger active/
iactive data disk having free space for a next largest file of
the specified data disk. In step 212, 11 such a younger data disk
1s not found, then execution branches to step 213 to discard
the evacuation plan and to release the preallocated free space.
After step 213, execution returns with a return code indicating,
that evacuation fails.

In step 212, if such a younger data disk i1s found, then
execution continues to step 214. In step 214, the younger data
disk 1s designated as the target for evacuation of the file, and
free space ol the younger disk 1s preallocated for recerving the
file. In step 2135, 1t there are not any more files 1in the specified
disk, then execution returns with a successtul evacuation plan
for the specified disk. This evacuation plan includes a respec-
tive target data disk for each file 1n the specified data disk.
Thus, the power control policy engine can execute the plan by
commanding the migration engine to migrate each file on the
specified data disk to 1ts respective target data disk. The
storage allocation map provides the file ID of each source file
on the specified disk, and also provides the stub file ID of the
corresponding stub file 1n the file system (*D:”") of the low-
power low-speed active/inactive data disks 1n active mode.
Once a file 1s migrated from the specified data disk to the
target data disk, the power control policy engine updates the
corresponding stub file to indicate the file system ID and file
ID of the new target location of the file.

In step 215, 1f there are more files 1n the specified data disk,
then execution loops back to step 211 to search the storage
allocation map for a younger data disk having sufficient free
space for a next largest file of the specified data disk. The free
space available for the next largest file of the specified data
disk 1s the original amount of free space of the younger data
disk in the storage allocation map less any amount of this free
space ol the younger data disk that has already been preallo-
cated (1n step 214) for evacuation of the specified data disk.

In step 212, 1f such a younger data disk 1s not found, then
the next largest file of the specified data disk cannot be
migrated to a younger data disk, and execution branches to
step 213 to discard the evacuation plan and release the preal-
located free space. Execution returns from the subroutine
with an error code indicating that evacuation fails.

FIGS. 18-19 show operation of the utility program (209 in
FIG. 15) for searching the low-power low-speed active/inac-
tive data disks in background mode. This search 1s performed
so as to reduce power consumption and prevent preemption of
a file when the file does not contain information that satisfies
a specified search criterion. In a first step 221, the utility
program searches for a youngest non-yet searched online data
disk 1n the queue. In step 222, if an online data disk 1s not
found 1n the queue, then execution branches to step 223 to
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send a power-up request to a next youngest not-yet searched
data disk 1n the queue. In step 224, the utility program sus-
pends and resumes execution for the spin-up time of the data
disk, and execution continues to step 225. Execution also
continues to step 225 from step 222 if a not-yet searched
online data disk 1s found.

In step 225, the data disk 1s searched for requested infor-
mation. This 1s done by reading files on the data disk, but a file
1s not promoted unless requested information 1s found 1n the
file. During the search, in step 226, if the search 1s not near the
end of the data disk, then execution continues to step 227. If
the requested information 1s found, then execution continues
from step 227 to step 228, to promote the file to active disk and
report the file to the client or application requesting the infor-
mation. In step 229, 11 the search 1s not to be continued (e.g.,
the request would be satisfied by returning just a first file
found matching the search criterion), then the search 1s fin-
1shed. Otherwise, 1 the search 1s to be continued (for finding
all files matching the search criterion), then execution loops
back to step 225 to continue the search. Execution also loops
from step 227 back to step 225 11 the requested information
has not yet been found, 1n order to continue the search until
the search becomes near the end of the data disk or until the
requested imnformation 1s found.

If the search becomes near the end of the data disk, then
execution branches from step 226 to step 230. If the data disk
1s the last data disk to be searched, then execution continues to
step 231. In step 231, 1f the end of the data disk has been
reached, then the search 1s finished. In step 231, 1f the end of
the data disk has not been reached, then execution branches to
step 227 to continue the search.

In step 230, if the data disk 1s not the last disk to be
searched, then execution branches from step 230 to step 232
in FIG. 19. In step 232, the utility program searches for
another youngest not-yet searched online data disk 1n the
queue. In step 233, 1f another online data disk 1s found, then
execution branches to step 234. In step 234, a power-up
prefetch command 1s sent to the online data disk so that the
online data disk will be powered up at the anticipated access
time (when searching of the presently active data disk 1s
fimshed). Execution continues from step 234 to step 227 of
FIG. 18.

In step 233, 11 another online data disk 1s not found, then
execution continues to step 235. In step 235, a power-up
prefetch command 1s sent to a next youngest not yet searched
data disk 1n the queue so that the data disk will be powered up
at the anticipated access time (when searching of the pres-
ently active data disk 1s finished).

In view of the above, there has been described a method of
power savings 1n a file server including active storage con-
taining frequently accessed files, and active/inactive disk
drives for containing infrequently accessed files. Groups of
the files having become 1inactive 1n the active storage are
successively migrated to respective evacuated active/inactive
disk drives so that each active/inactive disk drive 1s loaded
with files having a similar probability of access when access
to the active/inactive disk drive reaches an 1nactivity thresh-
old for powering down the active/inactive disk drive. Storage
ol the active/inactive disk drives 1s reclaimed when an oldest
group of the files 1s archived or when an active/inactive disk
drive 1s evacuated by migrating files from the active/inactive
disk drive to storage having been released 1n other disk drives
by promotion of files for client access to the promoted files.
Therefore, recovery of the active/inactive disk drive storage 1s
decoupled from the process of migration of inactive files from
the active storage to the active/inactive disk drives and the
process of file promotion so that the recovery of the active/
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inactive disk drive storage can be planned and scheduled 1n
advance and performed efliciently 1n a background process.
For example, a not yet mactive disk drive 1s evacuated by
migrating its files to released storage in younger active/inac-
tive disk drives 1f this will result 1n a power savings, or the
oldest active/inactive disk drive 1s evacuated by migrating 1ts
files to released storage in the younger active/inactive disk
drives.

What is claimed 1s:

1. A method of operating a file server for power savings, the
file server including active storage containing frequently
accessed files, and active/inactive disk drives for containing
infrequently accessed files, said method comprising:

(a) successively migrating groups of the files from the
active storage to respective evacuated ones of the active/
iactive disk drives, the files 1n each group of files being
migrated when the files 1 said each group of files
become mactive in the active storage, wherein the files in
said each group of files are selected to have a similar
probability of access when access to the active/inactive
disk drive containing said each group of files reaches an
iactivity threshold for powering down the active/inac-
tive disk drive containing said each group of files; and

(b) powering down the disk drive containing said each
group ol files when access to the active/inactive disk
drive containing said each groups of files reaches the
inactivity threshold for powering down the active/inac-
tive disk drive containing said each group of files;

wherein said method further includes computing a respec-
tive expulsion time for each of the files i the active
storage, the respective expulsion time specifying when
said each of the files i the active storage should be
migrated from the active storage to one of the active/
mactive disk drives for power savings, and placing said
cach of the files in the active storage on an expulsion list
ordered by the respective expulsion time, and at the
respective expulsion times, successively migrating the
files 1n each group of the files from the expulsion list to
the active/inactive disk drive for containing said each
group of {iles.

2. The method as claimed in claim 1, wherein the active
storage includes at least a first level of relatively high-speed
active storage and a second level of relatively low-speed
active storage, and wherein the method further includes
migrating the files from the first level of relatively high-speed
active storage to the second level of relatively low-speed
active storage based on 1nactivity of access to the files 1n the
first level of relatively high-speed storage, and wherein files
having been accessed after migration to the second level of
relatively low-speed active storage require a greater time of
access mactivity in the second level of relatively low-speed
storage for migration to one of the active/inactive disk drives
than files that have not been accessed after migration to the
second level of relatively low-speed active storage.

3. Amethod of operating a file server for power savings, the
file server including active storage containing frequently
accessed files, and active/inactive disk drives for containing
inirequently accessed files, said method comprising:

(a) successively migrating groups of the files from the
active storage to respective evacuated ones of the active/
iactive disk drives, the files 1n each group of files being
when the files 1n said each group of files become mactive
in the active storage, wherein the files 1n said each group
of files are selected to have a similar probability of
access when access to the active/inactive disk drive con-
taining said each group of files reaches an inactivity
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threshold for powering down the active/inactive disk
drive containing said each group of files; and

(b) powering down the disk drive containing said each
group ol files when access to the active/inactive disk
drive containing said each group of files reaches the
iactivity threshold for powering down the active/inac-
tive disk drive containing said each group of files;

wherein said method further includes maintaining the
active/imnactive disk drives containing the groups of files
in a queue, the respective evacuated one of the active/
mactive disk drives becoming a youngest one of the
active/mactive disk drives on the queue once each group
of files 1s migrated from the active storage to the respec-
tive evacuated one of the active/inactive disk drives, and
successively evacuating files from an oldest active/inac-
tive one of the disk drives from the queue, and taking the
respective active/inactive disk drive becoming a young-
est one of the disk drives 1n the queue from a pool of
evacuated disk drives, and returning the oldest active/
iactive disk drive from the queue to the pool of evacu-
ated disk drives once the oldest active/inactive disk drive
from the queue has been evacuated.

4. The method as claimed in claim 3, which further
includes evacuating files from the oldest active/inactive one
of the disk drives from the queue by migrating the files from
the oldest active/inactive one of the disk drives from the queue
to an archival storage unit.

5. The method as claimed in claim 3, which further
includes promoting a plurality of files from the active/inactive
disk drives 1n the queue to the active storage and releasing
storage of the plurality of files from the active/inactive disk
drives 1n the queue 1n response to client requests for access to
the plurality of files, and evacuating files from the oldest
active/imnactive one of the disk drives from the queue by
migrating files from the oldest active/inactive one of the disk
drives from the queue to the released storage of at least some
of the plurality of files.

6. The method as claimed 1in claim 3, which further
includes promoting a plurality of files from the active/inactive
disk drives 1n the queue to the active storage and releasing
storage of the plurality of files from the active/inactive disk
drives 1n the queue 1in response to client requests for access to
the plurality of files, and evacuating a not yet inactive one of
the active/mnactive disk drives in the queue 1n order to save
power by migrating files from the not yet mactive one of the
active/imnactive disk drives 1n the queue to the released storage
ol at least some of the plurality of files.

7. A method of operating a file server for power savings, the
file server including active storage containing frequently
accessed files, and active/inactive disk drives for containing
infrequently accessed files, said method comprising:

(a) successively migrating groups of the files from the
active storage to respective evacuated ones of the active/
iactive disk drives, the files 1n each group of files being,
migrated when the files 1n said each group of files
become mactive 1n the active storage, wherein the files 1n
said each group of files are selected to have a similar
probability of access when access to the active/inactive
disk drive contaiming said each group of files reaches an
iactivity threshold for powering down the active/inac-
tive disk drive containing said each group of files; and

(b) powering down the disk drive containing said each
group of files when access to the active/inactive disk
drive containing said each group of files reaches the
iactivity threshold for powering down the active/inac-
tive disk drive containing said each group of files;
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wherein said method further includes maintaining a map 1n

the active storage of used and unused storage in each
active/imactive disk drive containing files, and accessing
the map to plan for evacuation of at least one active/
mactive disk drive by file migration from said at least
one active/inactive disk drive in the queue to unused
storage of at least one other active/inactive disk drive.

22

migrated when the files 1n said each group of files
become mactive 1n the active storage, wherein the files 1n
said each group of files are selected to have a similar
probability of access when access to the active/inactive
disk drive contaiming said each group of files reaches an
iactivity threshold for powering down the active/inac-
tive disk drive containing said each group of files; and

(b) powering down the disk drive containing said each
groups of files when access to the active/inactive disk
drive containing said each group of files reaches the
iactivity threshold for powering down the active/inac-
tive disk drive containing said each group of files;

wherein at least one file 1n at least one of the active/inactive

8. A method of operating a file server for power savings, the
file server including active storage containing frequently
accessed files, and active/inactive disk drives for containing 10
infrequently accessed files, said method comprising:

(a) successively migrating groups of the files from the

active storage to respective evacuated ones of the active/

inactive disk drives, the files 1in each group of files being

disk drives 1s a read-only file, and the method turther

migrated when the files 1n said each group of files 15 includes responding to a client request to read said at
become nactive in the active storage, wherein the files 1n least one file by creating a copy of said at least one file 1n
said each group of files are selected to have a similar the active storage without deleting said at least one file
probability of access when access to the active/inactive from said at least one of the active/inactive disk drives,
disk drive containing said each group of files reaches an and when the copy of said at least one file becomes
iactivity threshold for powering down the active/inac- 20 inactive 1n the active storage, deleting the copy of said at

tive disk drive containing said each group of files; and

least one file from the active storage.

11. A method of operating a file server for power savings,
group of files when access to the active/inactive disk the file server including active storage containing frequently
drive containing said each group of files reaches the accessed files, and active/inactive disk drives for containing
inactivity threshold for powering down the active/inac- 25 iirequently accessed files, said method comprising:
tive disk drive containing said each group of files; (a) successively migrating groups of the files from the

wherein said method further includes creating a respective active storage to respective evacuated ones of the active/

(b) powering down the disk drive containing said each

stub file 1n the active storage pointing to each file 1n each
of the active/inactive disk drives when said each file 1s
migrated from the active storage to said each of the
active/imnactive disk drives, the stub file including a copy
of multiple ones of the first blocks of said each file 1n said
cach of the active/inactive disk drives.
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inactive disk drives, the files 1n each group of files being
migrated when the files 1n said each group of files
become mactive in the active storage, wherein the files in
said each group of files are selected to have a similar
probability of access when access to the active/inactive
disk drive contaiming said each group of files reaches an

iactivity threshold for powering down the active/inac-
tive disk drive containing said each group of files; and
(b) powering down the disk drive containing said each
group of files when access to the active/inactive disk
drive containing said each group of files reaches the

9. A method of operating a file server for power savings, the
file server including active storage containing frequently 35
accessed files, and active/inactive disk drives for containing
inirequently accessed files, said method comprising:

(a) successively migrating groups of the files from the

active storage to respective evacuated ones of the active/
inactive disk drives, the files 1in each group of files being
migrated when the files 1n said each group of files
become mactive 1n the active storage, wherein the files 1n
said each group of {files are selected to have a similar

40

iactivity threshold for powering down the active/inac-
tive disk drive containing said each group of files;

wherein said method further includes scheduling access to

one of the active/inactive disk drives at a future time, and
sending a power prefetch command to said one of the

active/inactive disk drives so that said one of the active/
iactive disk drives responds to the power prefetch com-
mand by transitioning from an inactive state to an active
state by the future time, and accessing said one of the

probability of access when access to the active/inactive
disk drive containing said each group of files reaches an 45
iactivity threshold for powering down the active/inac-
tive disk drive containing said each group of files; and
(b) powering down the disk drive containing said each active/inactive disk drives at the future time.
groups of files when access to the active/inactive disk 12. A method of operating a file server for power savings,
drive containing said each group of files reaches the 50 the file server including active storage containing frequently
iactivity threshold for powering down the active/inac- accessed files, and active/inactive disk drives for containing
tive disk drive containing said each group of files; infrequently accessed files, said method comprising:
wherein said method further includes creating a respective (a) successively migrating groups of the files from the
stub file 1n the active storage pointing to each file 1n each active storage to respective evacuated ones of the active/
of the active/inactive disk drives when said each file 1s 55 iactive disk drives, the files 1n each group of files being,
migrated from the active storage to said each of the migrated when the files 1n said each group of files
active/inactive disk drives, the stub file including an become 1nactive in the active storage, the active/inactive
olfline tlag, the ofiline flag indicating whether or not said disk drives containing the groups of files being main-
cach of the active/imnactive disk drives 1s 1n an 1nactive taimned 1n a queue by taking a respective active/inactive
mode. 60 disk drive becoming a youngest one of the disk drives 1n
10. A method of operating a file server for power savings, the queue from a pool of evacuated disk drives, and
the file server including active storage containing frequently returning an oldest active/inactive disk drive from the
accessed files, and active/inactive disk drives for containing queue to the pool of evacuated disk drives once the
inirequently accessed files, said method comprising: oldest active/inactive disk drive from the queue has been
(a) successively migrating groups of the files from the 65 evacuated;
active storage to respective evacuated ones of the active/ (b) responding to client requests for access to specified files
iactive disk drives, the files 1n each group of files being in the active/inactive disks by promoting the specified
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files to the active storage and releasing storage of the
specified files from the active/inactive disks containing
the specified files;

(¢) powering down the active/inactive disk drive containing
said each group of files when access to the active/inac-
tive disk drive containing said each group of files reaches

an 1nactivity threshold for powering down the active/
inactive disk drive containing said each group of files;

(d) maintaining a map in the active storage of used and

unused storage 1n the active/inactive disk drives in the
queue; and

(e) accessing the map to plan for evacuation of at least one

of the active/inactive disk drives 1n the queue by migrat-
ing files from said at least one of the active/inactive disk
drives 1n the queue to released storage of at least some of
the specified files; and then executing the plan to evacu-
ate said at least one of the active/inactive disk drives 1n
the queue.

13. The method as claimed 1n claam 12, which further
includes selecting the files 1n each group of files to have a
similar probability of access when access to the active/inac-
tive disk drive containing said each group of files reaches an
iactivity threshold for powering down the active/inactive
disk drive containing said each group of files by computing a
respective expulsion time for each of the files in the active
storage, the respective expulsion time specitying when said
cach of the files 1n the active storage should be migrated from
the active storage to one of the active/inactive disk drives for
power savings, and maintaining an expulsion list of files in the
active storage, the expulsion list being ordered by the respec-
tive expulsion time.

14. The method as claimed 1n claim 12, wherein the active
storage includes at least a first level of relatively high-speed
active storage and a second level of relatively low-speed
active storage, and wherein the method further includes
migrating the files from the first level of relatively high-speed
active storage to the second level of relatively low-speed
active storage based on 1nactivity of access to the files 1n the
first level of relatively high-speed storage, and wherein files
having been accessed after migration to the second level of
relatively low-speed active storage require a greater time of
access mactivity 1n the second level of relatively low-speed
storage for migration to an active/inactive disk drive than files
that have not been accessed after migration to the second level
of relatively low-speed active storage.

15. A file server comprising;:

at least one data processor programmed for responding to

client requests for file access;

active storage coupled to said at least one data processor for

client access to frequently accessed files 1n the active
storage; and

active/inactive disk drives coupled to said at least one data

processor for client access to infrequently accessed files
in the active/inactive disk drives, each of the active/
inactive disk drives having a power savings capability of
powering down from an active state to a normally 1nac-
tive state when access to said each of the active/inactive
disk drives reaches an 1nactivity threshold;
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wherein said at least one data processor 1s further pro-
grammed for successively migrating groups of the files
from the active storage to respective evacuated ones of
the active/inactive disk drives, the files 1n each group of
files being migrated when the files 1n said each group of
files become 1nactive 1n the active storage, and maintain-
ing a queue of the active/mactive disk drives by migrat-
ing said each group of the files from the active storage to
a respective evacuated active/inactive disk drive becom-
ing a youngest active/inactive disk drive on the queue,
promoting files 1n the active/inactive disk drives in the

queue to the active storage 1n response to client requests
for access to the files 1n the active/inactive disk drives 1n
the queue, and evacuating files from an oldest active/
mactive disk drive from the queue, and the respective
active/imnactive disk drive becoming a youngest one of
the disk drives 1in the queue 1s taken from a pool of
evacuated disk drives, and the oldest active/inactive disk
drive from the queue 1s returned to the pool of evacuated
disk drives once the oldest active/inactive disk drive
from the queue has been evacuated.

16. The file server as claimed 1n claim 15, wherein the
active storage includes at least a first level of relatively high-
speed active storage and a second level of relatively low-
speed active storage, and wherein said at least one data pro-
cessor 1s programmed for migrating the files from the first
level of relatively high-speed active storage to the second
level of relatively low-speed active storage based on 1nactiv-
ity of access to the files 1n the first level of relatively high-
speed storage, and wherein files having been accessed after
migration to the second level of relatively low-speed active
storage require a greater time of access 1activity 1n the sec-
ond level of relatively low-speed storage for migration to the
evacuated active/inactive disk drive becoming the youngest
active/inactive disk drive on the queue than files that have not
been accessed after migration to the second level of relatively
low-speed active storage.

17. The file server as claimed 1n claim 15, wherein said at
least one data processor 1s programmed for evacuating files
from the oldest disk drive from the queue to an archival
storage unit.

18. The file server as claimed 1n claim 15, wherein said at
least one data processor 1s programmed for evacuating a not
yet mactive one of the active/inactive disk drives in the queue
for power savings by migrating files from the not yet inactive
one of the active/inactive disk drives to released storage of
files promoted from younger active/mactive disk drives in the
queue.

19. The file server as claimed 1n claim 15, wherein said at
least one data processor 1s programmed for maintaining a
map 1n the active storage of used and unused storage in the
active/mnactive disk drives containing the infrequently
accessed files, and accessing the map 1n the active storage for
planning evacuation of at least one of the active/inactive disk
drives containing the infrequently accessed files by migration
of the infrequently accessed files 1n said at least one of the
active/inactive files to unused storage of other ones of the
active/inactive disk drives.
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